INTRODUCTION
Embryonic development could be defined as the orderly, stereotyped process that adds complexity to the initial relative simplicity of a fertilized egg. Complexity not only in terms of the increase in the number of total cells and the number of different cell types that comprise the embryo, but also in the number of recognizable organs or structures that accessorize the basic body plan, and in the number of functions that these organs and structures perform. Thus as development proceeds, a tight spatial and temporal control of gene expression and cell behavior sculpts the developing embryo by adding specific morphological and functional features, which will actually determine the lifestyle and functionality of the adult animal.
During the development of many structures and organs there is an initial stage in which a primordium (or precursor structure) is induced in a specific location in the embryo in response to pre-existent combinatorial positional cues. The primordium is composed of a selected group of embryonic cells, which may or may not belong to the same type of embryonic layer (endoderm, mesoderm, or ectoderm) . In the primordium, very often it is the establishment of cell-cell interactions between its mesenchymal and epidermal components that results in coordinated growth and patterning of structures derived from both layers. Interestingly, it appears that an evolutionarily conserved set of specific molecular interactions and cellular events operates in the primordia of many structures and organs, including some as diverse as the limbs, teeth, facial structures, hair follicles, kidneys, lungs, gut, and pancreas. For example, members of the Hedgehog (HH), WNT, transforming growth factor-β (TGF-β)/bone morphogenetic proteins (BMPs) and fibroblast growth factor (FGF) families of secreted factors, along with their transducers and modulators, appear to constitute a sort of ancient "genetic toolbox" that is used time and again in the embryo to build limbs, teeth, lungs, or kidneys. The final result (what the structure or organ actually looks like) depends on the activity of particular downstream (or "realizator" genes) that are expressed (or active) in one organ or structure but not in another, so that a limb ends up looking very different from a tooth, even though the underlying molecular and cellular mechanisms that have sculpted both structures are remarkably similar.
Among the structures and organs mentioned above, the vertebrate limb bud is clearly an excellent experimental model to study the cellular and molecular mechanisms that regulate pattern formation during embryogenesis. Vertebrate limbs are appendages that perform crucial roles, being involved in locomotion, feeding, copulation, communication, and other complex tasks. Over the years, classical embryological studies in avian and amphibian embryos, combined with essays of ectopic expression in the chick and gene knockouts in the mouse, have greatly contributed to our understanding of how growth and patterning are integrated in the limb bud (reviewed by Tickle & Eichele 1994 , Johnson & Tabin 1997 , Schwabe et al. 1998 . From these and other studies, it is clear that many mechanisms that regulate growth and patterning in the limb bud are also used in many other embryonic structures and organs throughout embryonic development. A synthesis of embryological, cellular, molecular, and evolutionary approaches to the study of limb development in different organisms has provided useful insights into a variety of patterning mechanisms that appear to be conserved during evolution.
In the case of the vertebrate limb, a primordium (the limb bud) appears at specific locations in the developing embryo ( Figure 1A ), positioned by combinations of factors that provide positional cues. Later on, the limb bud, which is made up of mesenchymal cells covered by ectoderm, starts growing out of the body wall, and specific epithelial-mesenchymal interactions are established that coordinate growth and patterning through the activities of specialized regions of the limb bud that act as organizers ( Figure 1B ). This basic mechanism, which operates (with some variations) in most tetrapods (vertebrates with four limbs), results in the development of a variety of adult vertebrate limbs that, despite their varied morphologies and functionalities, share a common morphologic plan ( Figure 1C ).
Here we review what is currently known about the patterning mechanisms that control the early development of vertebrate limbs. For simplicity, we mostly refer to what is known about mouse and chick limbs because they have been extensively studied using a variety of experimental techniques; we refer to peculiarities of other vertebrate limbs when necessary. We start with the allocation of the limb primordia in the embryo, followed by the mechanisms of limb induction, outgrowth, and patterning, also mentioning what is known about some aspects of cell differentiation. Finally, we discuss some open questions and future directions regarding patterning mechanisms in the vertebrate limb bud.
ALLOCATING THE LIMB FIELDS
The first step in the development of a vertebrate limb is the determination of a group of embryonic cells that will give rise to the limb primordium (or limb bud). These so-called limb fields are initially composed of cells within the lateral plate Figure 1 The basic structures of the limb bud and the adult limb are conserved among vertebrates. (A) Vertebrate limbs originate as two pairs of primordia (limb buds) that appear at specific levels of the embryonic flank (forelimb and hindlimb buds are indicated in a chick embryo). (B) Dorsal view of the limb primordium (limb bud), which is composed of mesenchymal cells encased in an ectodermal jacket and contains specific regions that pattern the bud along the anterior-posterior (AP), dorsal-ventral (DV) and proximal-distal (PD) axes. The ZPA (zone of polarizing activity) patterns the AP axis, and the AER (apical ectodermal ridge) maintains outgrowth of the limb bud, keeping underlying mesenchymal cells in the PZ (progress zone) in an undifferentiated state. Not shown, the dorsal and ventral ectoderm determine the DV polarity of the distal part of the limb. In fish and amphibians, the region corresponding to the AER is broader and is called apical epidermal cap. (C ) Schematic representations of the skeletal structure of forelimbs from several vertebrates, as indicated. The basic skeletal structure of the vertebrate limb is remarkably conserved among amniote tetrapods; it consists of a proximal part (stylopod, in black) with a single skeletal element, a medial part (zeugopod, in gray) with two elements, and a distal part (autopod, in white) composed of carpus or tarsus and a variable number of radiating digits. Despite this general conservation, there is great morphological and functional diversity, most likely derived from variations in the molecular mechanisms that sculpt the limb, some of which are already known (see text). mesoderm (LPM) that are located in specific positions in the flank of the embryo. In this sense, development of the vertebrate limb bud is no different from that of any other embryonic structure or organ, where the first step is always the selection of a group of cells that are competent to form an anlage or primordium.
Before considering how limb fields are allocated in the vertebrate embryo, it is perhaps worthwhile to point out some evolutionary considerations about limb number. Invertebrate chordates, such as Amphioxus (the closest invertebrate relative of vertebrates), are limbless. Among vertebrates, the first paired appendages (which were paired fins) appeared in jawless fish (agnathans), and tetrapods like frogs, mice, or humans, have two sets of paired appendages (or limbs) ( Figure 1A ). Our forelimbs and hindlimbs are evolutionarily derived, respectively, from the pectoral and pelvic fins of primitive jawed vertebrates (gnathostomes) (reviewed by Carroll 1988 , Coates 1994 . Most living vertebrates are tetrapods, but not all vertebrates have limbs. For example, several vertebrate taxa display reduction (and even absence) of limbs, including animals as diverse as snakes and whales (Carroll 1988 , Cohn & Tickle 1999 , Greene & Cundall 2000 . For the purpose of this review, however, we focus on the basic tetrapod body plan, where two pairs of appendages are present. Thus the primordia of the two pairs of limbs or fins (limb or fin buds) originate in four specific areas of the flanks of the early embryo, where groups of cells in the LPM form small buds of mesenchymal cells encased in an ectodermal jacket (Searls & Janners 1971) (Figure 1B ). But how are these four areas of the early embryo selected in the first place?
The Hox Code and Other Elements of the Pre-Pattern
Hox genes, first identified in Drosophila melanogaster, encode homeodomain transcription factors shown to provide spatial cues during the development of many embryonic structures in vertebrates and invertebrates (reviewed by Krumlauf 1994 , Deschamps et al. 1999 , including those that allocate the limb fields in a variety of organisms. Both in Drosophila and vertebrates such as mouse and chick, specific combinations of Hox genes are expressed at different levels of the embryonic trunk, thus conferring positional identity along the AP embryonic axis. A detailed analysis of the expression profiles, evolutionary significance, and roles of Hox genes in the vertebrate embryonic axis is beyond the scope of this review (but see Duboule 1998 , Deschamps et al. 1999 , Valentine et al. 1999 , and thus we refer only to experimental results relevant to the problem of limb positioning.
Several lines of evidence support the involvement of a combinatorial Hox code in positioning the vertebrate limb fields. First, in a variety of vertebrates the anterior expression boundaries of Hox genes such as Hoxc6, Hoxc8, and Hoxb5 in the LPM occur exactly at the forelimb (or pectoral fin) level (Oliver et al. 1990 , Rancourt et al. 1995 , Nelson et al. 1996 , suggesting a role for these genes in the specification of this particular axial level of the embryo. Mice lacking the Hoxb5 gene have the shoulder girdle slightly shifted (Rancourt et al. 1995) , which confirms a role for Hoxb5 in allocating the forelimb field. Additionally, it has been shown that axial shifts in the position of the forelimb correspond with shifts in Hox expression domains when comparing chick and mouse wild-type embryos (Burke et al. 1995 , Gaunt 2000 . Second, a thorough study of the embryonic expression of several Hox genes in the chick embryo has revealed that specific combinations of Hox gene expression in the embryonic trunk and LPM associate well, both with the levels at which the limbs are going to develop, and with the type of limb that develops (Cohn et al. 1997) . Third, the absence of forelimbs in some snakes correlates well with specific changes in Hox gene expression domains in both paraxial mesoderm and LPM (Cohn & Tickle 1999) . Taken together, these results suggest that the limb fields are induced in the embryonic flank at specific positions that contain a certain combination of Hox gene expression.
But how are the overlapping domains of Hox gene expression established in the embryonic trunk? In the embryonic axis, Hox gene expression is controlled by a variety of factors that include at least three types of transcriptional regulators, retinoic acid receptors (RARs), the Krox20 gene, members of the Pbx/Exd family of cofactors, the Hox genes themselves, and also secreted factors of the FGF and TGF-β superfamilies. Here we briefly mention only a few of these regulators and how they relate to this process.
Retinoic acid (RA) is involved in controlling Hox gene expression in the LPM at the time at which the limb fields are determined (Marshall et al. 1996) . Inhibition of RA activity in the embryonic flank of the chick downregulates expression of the Hoxb8 gene (Lu et al. 1997) , which has some involvement in the initial AP polarity of the limb bud, and retinoid-deficient quail embryos have limb buds with abnormal AP and DV patterning (Stratford et al. 1999) . Conversely, an excess of RA administered during embryogenesis can alter the pattern of the axial skeleton, probably due to rostral shifts in Hox gene expression (Iulianella & Lohnes 1997) . Also, it has been demonstrated that the Hoxb8 gene has regulatory elements that bind Cdx proteins (Charité et al. 1998) . These proteins are homologs of Drosophila Caudal, a protein involved in AP patterning in the fly embryo. Other Hox genes are also regulated by Cdx proteins, and Charité and collaborators have proposed an ancestral role for Cdx/Caudal proteins in specifying AP axial patterning in a variety of organisms through the control of Hox gene expression boundaries.
Recently, it was shown that GDF11, a TGF-β factor, plays a role in the AP patterning of the axial skeleton. Gdf11-deficient mice show anteriorly directed homeotic transformations throughout the axial skeleton and posterior displacement of the hindlimbs (McPherron et al. 1999) . These defects are correlated with alterations in patterns of Hox gene expression, which suggests that GDF11 acts upstream of the Hox genes to specify positional identity along the AP axis. Moreover, the promyelocytic leukemia zinc finger (PLZF) protein may also act as a regulator of Hox gene expression im the embryonic axis and limb buds (Barna et al. 2000) .
Thus the mechanisms controlling Hox expression in the embryonic trunk are not entirely known, but it appears that the interaction of the Hox code with a variety of regulators establishes a sort of pre-pattern in the embryonic axis that contributes to allocate the limb fields in a variety of vertebrates.
INDUCTION OF LIMB BUDDING
After the forelimb and hindlimb fields have been specified at precise locations along the embryonic flank, the corresponding cells in the LPM engage in active cell division, whereas cells in the non-limb flank LPM divide more slowly (Searls & Janners 1971 ). This differential cell proliferation results in the development of a noticeable limb primordium (or limb bud) consisting of a mass of mesenchymal cells encased in an ectodermal jacket ( Figure 1B ). The series of events that culminate in the initiation of limb budding in the embryonic flank is called limb induction, and it involves a directional transfer of positional information in the embryonic axis and flank between several key tissues and structures.
The Role of the Intermediate Mesoderm and Other Axial Structures
It is important to point out that the exact mechanism of limb induction is still a matter of controversy (reviewed by Martin 1998). As indicated above, a variety of factors set up a pre-pattern that specifies the levels at which limb buds are going to develop in the flank. Subsequently, this positional information needs to be interpreted by several key tissues that play important roles during the actual induction of limb budding. It is known that limb induction in the chick embryo is inhibited when a barrier is placed between the LPM and the intermediate mesoderm (IM) . The IM (precursor of the kidney) lies between the somites and the LPM (Figure 2) , and its extirpation results in limb reduction (Stephens & McNulty 1981 , Strecker & Stephens 1983 , Geduspan & Solursh 1992 . These observations first suggested that the IM may be the source of a diffusible limb inducer, which would operate on the LPM. However, because the IM develops along the entire length of the embryo and limb budding is restricted to very specific positions along the flank, the putative inducer must necessarily display a restricted pattern of expression and/or activity in the IM.
An excellent candidate to mediate limb induction from the IM is the product of the Fgf-8 gene, which encodes a member of the FGF superfamily of secreted factors. The Fgf-8 gene is expressed transiently and dynamically in the IM at the forelimb and hindlimb levels before and during limb induction (Figure 2 , shown in black), and the FGF-8 protein can maintain cells in a proliferative state at the flank positions that correspond to the limb fields (Crossley et al. 1996 , Vogel et al. 1996 . Moreover, the FGF-8 protein (and other proteins of the same family) are capable of directing initiation and normal development of an ectopic limb bud from the embryonic flank (Cohn et al. 1995 , Mahmood et al. 1995 , Ohuchi et al. 1995 , Crossley et al. 1996 , Vogel et al. 1996 . This indicates that the whole embryonic flank is, in principle, competent to form a limb and suggests that the sole purpose of the pre-pattern could be to localize expression of Fgf genes to specific positions in the axial structures (such as the IM) that normally induce limb formation. Based on these and other results, it has been proposed that FGF-8 expression in the mesonephros (one of the two components of the IM) induces limb initiation (Crossley et al. 1996) . However, a recent study has challenged the notion that the mesonephros is required for limb initiation (Fernández-Terán et al. 1997) . The elucidation of the exact role of FGF-8 in limb induction will probably require tissue-specific ablation of Fgf-8 activity in the mesonephros at stages prior to limb induction, along with the analysis of other Fgf genes that could display partially redundant activities.
The IM is not the only tissue involved in limb induction. In the chick embryo, experiments involving grafting of the prospective forelimb region to an ectopic site have shown that limb induction occurs between stages 13-15 (although the limb bud itself is not morphologically recognizable until stage 17; stages according to Hamburger & Hamilton 1951) . However, at early stages (8-9), grafts of prospective forelimb region can also develop a limb, but only if the embryonic organizer (Hensen's node), somites, and IM are all included in the graft. As development proceeds, fewer tissues are required to induce a limb, so that at stages 12-14, only the IM is required for limb induction. This indicates that several axial tissues medial to the LPM may indeed be involved in limb induction, including somites The limb initiation model indicated above states that localized sources of FGF-8 (and probably other FGF proteins also present in the IM and other axial tissues) signal to the adjacent LPM cells to induce limb formation. Interestingly, another member of the same gene family, Fgf-10, seems to be involved in mediating the inductive effect of FGF-8 on the LPM cells (Ohuchi et al. 1997 , Xu et al. 1998 ). The Fgf-10 gene is initially widely expressed in the segmental plate (SP) and the LPM (Figure 2A ; pattern of expression shown in gray) (Ohuchi et al. 1997 ), but around stage 14 in the chick embryo, it becomes restricted to the LPM cells of the prospective forelimb area ( Figure 2B ). Recent results indicate that FGF-8 (and probably other FGFs and even other secreted factors expressed in the LPM) controls expression of the Wnt-2b gene in the LPM of the prospective forelimb area, and that Wnt-2b acts as an upstream regulator of Fgf-10 in the LPM, thus mediating the induction of Fgf-10 by Fgf-8. Indeed, Wnt-2b is expressed in the somites, the IM, and the LPM of the prospective forelimb area, and its ectopic expression alone can induce development of an ectopic limb in the flank (Kawakami et al. 2001) . Expression of Wnt-2b is shown as black stripes in the forelimb area in Figure 2B -C. Expression of another Wnt gene, Wnt-8c (black stripes in Figure 2A ), may be involved in restricting Fgf-10 expression to the prospective hindlimb area (Figure 2A-C) . Both WNT-2B and WNT-8C proteins signal through β-catenin and, moreover, the canonical WNT/β-catenin pathway appears to be both necessary and sufficient for induction of both forelimbs and hindlimbs through the control of Fgf-10 (Kawakami et al. 2001) . Thus WNT/β-catenin pathways mediate the FGF-8/FGF-10 loop that controls limb initiation, and localized expression of Fgf-10 in the LPM appears to be the key factor for limb induction. Consistent with this model of limb initiation, mostly derived from studies in the chick, targeted mutation of the Fgf-10 gene in mice results in the absence of limbs, most likely owing to the interruption of limb budding and the inability to induce an apical ectodermal ridge (AER) (Min et al. 1998 , Sekine et al. 1999 ) (see below).
Determining the Identity of Wings and Legs
The series of events explained above culminates in the initiation of limb budding in four specific locations of the embryonic flank, giving rise to a pair of forelimbs and a pair of hindlimbs. Despite the fact that forelimb and hindlimb buds look very similar at the earliest stages of development, morphological differences soon begin to appear, and in most tetrapods adult forelimbs and hindlimbs look very different and usually perform different functions. Recent discoveries have shed light on the molecular mechanisms that determine morphological and functional differences between forelimbs and hindlimbs.
During the evolution of vertebrates, forelimbs and hindlimbs appeared at around the same time as pectoral and pelvic fins in jawless fish (agnathans) (Coates 1994 , Ruvinsky & Gibson-Brown 2000 . Despite some controversies on the exact path of vertebrate limb evolution, forelimbs and hindlimbs are generally considered serially homologous structures, which implies that the molecular mechanisms used to build these two pairs of very similar (but not identical) structures at different locations in the embryo are basically the same (Shubin et al. 1997 , Ruvinsky & Gibson-Brown 2000 . In fact, most genes display the same expression pattern in forelimbs and hindlimbs, which of course results in the generation of similar patterns of bone structure and other morphological features in forelimbs and hindlimbs. Still, some specific molecular differences must exist that account for the morphological and functional differences observed betwen these two kinds of appendages.
The decision to become either a forelimb or a hindlimb appears to be made at the earliest stages of limb initiation, prior to limb budding, as shown by transplantation experiments performed in the chick embryo. For instance, when pre-bud LPM cells belonging to the forelimb field are transplanted into an ectopic location, the limb always develops as a forelimb, indicating that the identity of the limb resides in the mesoderm (and not the ectoderm) and is determined even before limb budding begins (Zwilling 1955) . Indeed, when beads soaked in FGF protein are implanted in the interlimb region (resulting in induction of an ectopic limb), ectopic expression of fore-and hindlimb-specific genes such as Tbx-5 or Tbx-4 (see below) is induced very rapidly (i.e., 1 h after) (Isaac et al. 2000) , which further suggests that the selection of limb type occurs very early.
In recent years, several genes have been shown to be expressed exclusively in forelimbs or hindlimbs in mouse, chick, zebrafish, and other organisms, including two members of the T-box gene family, Tbx-4 and Tbx-5. Both genes are detected in the LPM prior to limb budding, Tbx-5 in the presumptive forelimb area and Tbx-4 in the presumptive hindlimb area (Bollag et al. 1994 , Simon et al. 1997 , Gibson-Brown et al. 1998 , Isaac et al. 1998 , Logan et al. 1998 , Ohuchi et al. 1998 , Begemann & Ingham 2000 , Takabatake et al. 2000 . Other fore-or hindlimb-specific genes include members of the Hox gene family (Hoxc4 and Hoxc5, restricted to the forelimb) (Nelson et al. 1996) and another transcription factor, Pitx-1, which encodes a member of the Otx-related subclass of paired-type homeodomain proteins (Lamonerie et al. 1996 , Szeto et al. 1996 and is exclusively expressed in the hindlimb (Shang et al. 1997 , Logan et al. 1998 . Experiments involving loss of gene function in mice and ectopic expression in chick embryos have recently demonstrated the role of Tbx-5 as a forelimb determinant , Takeuchi et al. 1999 ) and of Tbx-4 and Pitx-1 (most likely acting in concert) as hindlimb determinants (Lanctot et al. 1999 , Logan & Tabin 1999 , Szeto et al. 1999 , Takeuchi et al. 1999 , reviewed by Weatherbee & Carroll 1999 , Ruvinsky & Gibson-Brown 2000 . Interestingly, expression of Pitx genes in the posterior mesendoderm of the developing embryo appears to be a conserved feature among all chordates (Yasui et al. 2000) . This has led researchers to propose that posterior expression of Pitx genes predated the event of limb duplication, so that after the establishment of limb outgrowth program in the Pitx domain, Pitx and Tbx genes could co-evolve and cooperate in the establishment of hindlimb identity (Ruvinsky & Gibson-Brown 2000) .
Despite all these recent advances, it is evident that we are far from a clear understanding of how limb identity is determined. The identification of additional genes displaying forelimb-or hindlimb-specific expression, along with the isolation of targets of Tbx-4, Tbx-5, and Pitx-1, will be necessary if we are to have a more complete picture of the mechanisms that control this process.
AER INDUCTION AND LIMB OUTGROWTH
Up until now, we have been calling the induction of Fgf-10 (in the LPM) by FGF-8 (coming from the IM) a "loop". The reason for this is that the next step in the process of limb induction involves the activation of Fgf-8 expression (in the ectoderm) by FGF-10 (produced in the forelimb and hindlimb areas). After expression of Fgf-10 in the prospective forelimb and hindlimb areas has been consolidated in the LPM ( Figure 2C ), the FGF-10 protein signals to the overlying ectoderm (or surface ectoderm; SE) to initiate a program of gene expression that includes activation of Fgf-8 transcription even before a limb bud is recognizable. These events are absolutely required for limb outgrowth because they culminate in the induction of the AER.
In many tetrapods and concomitantly with the initial stages of limb budding, inductive signals from LPM cells of the prospective limb bud area induce the overlying ectoderm to form a specialized structure (the AER), an ectodermal thickening that runs along the AP axis of the limb bud, separating the dorsal side of the limb from the ventral side ( Figure 1B ). In the chick embryo, where its properties have been extensively studied, the AER is morphologically detectable at stage 18, and its integrity is essential to keep the limb cells proliferating after the initiation of limb budding (Saunders 1948 , Todt & Fallon 1984 . When the AER is surgically removed, proliferation of the mesenchymal limb bud cells is affected and the limb is truncated (distal structures are missing). Truncations are more severe when the AER is removed early in development, which indicates that there is a differential temporal requirement for the AER.
AER activity is thought to apply to most tetrapods. However, not all tetrapod limbs have an AER. Most likely, the AER was already present in the common ancestor of anurans and amniotes, but it was later lost in several species that are direct developers, including several species of frogs, whose limb buds have a thickened apical ectoderm but no AER (Richardson et al. 1998) . In other vertebrates, such as slowworms and other reptilians, the AER degenerates, and the adult is limbless. The molecular basis of this phenomenon is not well known, although it has been shown that it may be related to specific changes in Hox expression in the trunk. Moreover, FGF application can partially rescue limb bud outgrowth in embryos of slow worms and python (Raynaud et al. 1995 , Cohn & Tickle 1999 . In fish (such as the zebrafish, Danio rerio), the apical fin bud ectoderm does not form an AER, rather it transforms into a protruding fold (or apical epidermal cap) that encloses the dermal rays, thus terminating proliferation of the mesenchyme of the bud (Geraudie 1978) . As a result, there is a proximal-distal subdivision of the mesenchyme, which forms four elements (called radials), and several peripheral foci form other distal radials. Thus different kinds of apical ectodermal structures control mesenchymal proliferation and patterning in specific ways that explain variations in morphology and function between limb and fin buds. In this section, we focus on the chick AER because it has been studied extensively to illustrate pattern mechanisms known to exist in several higher vertebrates.
Allocating the AER
How is the AER precisely positioned within the ectodermal field, right at the interface between the presumptive dorsal and ventral cells of the limb ectoderm? Experiments involving fate mapping of the presumptive dorsal and ventral ectoderm of the limb have shown that ectodermal cells covering the LPM prior to limb induction are already committed to form the AER (marked as pre-AER cells in Figure 3A , B, black). The ectoderm that will give rise to the dorsal ectoderm of the limb overlies the somites ( Figure 3A , light gray), and ectodermal cells located above the lateral somatopleural mesoderm will give rise to the ventral ectoderm of the limb ( Figure 3A , B, dark gray) (Altabef et al. 1997 . As the limb bud grows out, the ectodermal cells migrate laterally (thin arrows, Figure 3B ) to cover the mesenchyme. Recent results have shown that two distinct lineage boundaries exist in the mouse limb ectoderm prior to limb budding: one corresponding to the DV midline of the AER and the second to the dorsal AER margin (Kimmel et al. 2000) (thick arrows, Figure 3B ). The molecular basis of the generation of ectodermal DV compartments prior to limb budding is still unknown, and there may be some differences among vertebrates.
Prior to AER induction by the underlying mesenchymal cells, the expression of several genes in the ectoderm covering the limb bud already reveals a DV heterogeneity, which again stresses the notion that DV polarity information originates in the embryonic trunk (somitic mesoderm and presumptive limb bud). For instance, the product of the gene Radical fringe (Rfng) is expressed in the dorsal ectoderm of the chick limb bud prior to AER induction (Laufer et al. 1997 , Rodríguez-Esteban et al. 1997 , and the homeobox-containing transcription factor EN-1 is expressed in the ventral ectoderm (Davis & Joyner 1988) . Both Rfng and En-1 genes are also expressed later in the AER ( Figure 3C ). The AER forms right at the interface between the cells that express Rfng (dorsal ectoderm) and the cells that do not (ventral ectoderm). The En-1 gene acts by preventing Rfng from being expressed in the ventral ectoderm, thus ensuring that a sharp boundary between Rfng expressing and non-expressing cells is maintained. When En-1 is ectopically expressed in the dorsal ectoderm by using a retroviral vector (Laufer et al. 1997 , Rodríguez-Esteban et al. 1997 , Rfng is repressed in some cells and ectopic AERs appear, giving rise to outgrowths. Similar outgrowths and AER induction can be induced by transplanting En-1-overexpressing ectoderm (Tanaka et al. 1998 ). When Rfng is ectopically expressed in the ventral ectoderm, Rfng positive and negative cells juxtapose, giving rise to ectopic AERs and outgrowths. Although Rfng is expressed in the mouse limb bud in a pattern comparable to the chick, mutant mice that lack Rfng are normal, which indicates that Rfng function is not required for limb development in the mouse. This could result from functional overlapping with some other fringe-related gene expressed in the limb (Moran et al. 1999 , Zhang & Gridley 1999 .
AER Induction
The specific requirements for AER induction in the limb ectoderm are only partially known, but the secreted factor encoded by the gene Wnt-3a appears to play an important role in this process. Wnt-3a is involved in the control of Rfng expression (and therefore, in the positioning of the AER) but also in the actual induction of the AER. Expression of Wnt-3a in the limb bud ectoderm is detected around the time at which Fgf-8 also appears in the ectoderm, in response to FGF-10 emanating from the LPM ( Figure 4A ). In fact, recent data suggest that, in the surface ectoderm, Wnt-3a mediates the induction of Fgf-8 by FGF-10. It is important to point out that the initial expression of Wnt-3a (and also Rfng or Fgf-8) occurs in a wide ectodermal domain, which is subsequently refined and restricted to the cells that form the AER. The mechanisms involved in this refinement, which actually control . Thin arrows in (B) indicate ectodermal cells migrating to cover the developing mesenchyme, and thick arrows indicate the two DV compartment borders that exist in the developing limb ectoderm (Kimmel et al 2000) . Some of the tissues referred to in the text are indicated. IM, intermediate mesoderm; LPM, lateral plate mesoderm; AER, apical ectoderm ridge. SEMs (that only show part of each embryo for simplicity) were generously provided by G Schoenwolf and J Hurlé. Some schemes were adapted from Michaud et al (1997) . the width of the AER, are unknown, but they most likely read and interpret DV information already present in the ectoderm prior to limb budding.
Several lines of evidence indicate that AER induction by the WNT-3A protein involves the intracellular mediators β-catenin and LEF-1/TCF. For instance, in mice double mutant for Lef-1 and Tcf-1 (two genes encoding related, partially redundant mediators of the WNT/β-catenin pathway), Fgf-8 expression is absent from the limb ectoderm, which does not form an AER (Galcerán et al. 1999) . This is consistent with the proposed roles of WNT-3A and Lef-1 as regulators of AER formation, derived from ectopic expression studies in the chick (Kengaku et al. 1998) . It is important to point out that ectopic expression of Wnt-3a (but not of Fgf-8) is capable of inducing ectopic AER formation and that experiments of ectopic induction of limb buds in the flank show that Wnt-3a appears in the limb before Fgf-8. Moreover, ectopic Wnt-3a can induce Fgf-8 expression, but ectopic Fgf-8 is unable to induce Wnt-3a. These and other data (Kengaku et al. 1998 , Kawakami et al. 2001 suggest that FGF-10 activates Wnt-3a in the overlying ectoderm and that WNT-3A then signals through β-catenin to activate Fgf-8 expression ( Figure 4A ). Meis genes are still expressed in the whole LPM, including the Fgf-10 domain, but they begin to be restricted to the more proximal part. (C ) From stage 17 on, Meis genes become restricted to the proximal part of the limb bud, and distally, the SHH protein controls expression of target genes such as Bmp-2 and Gremlin, in a pathway mediated by Formin proteins (stage 21 is shown here). The Gremlin protein, a BMP antagonist, is postulated to antagonize a negative effect of BMPs on the AER, so that the AER can be maintained and Fgf-4 can be expressed in the posterior half of the AER. FGF-4 and other FGFs signal back to the limb bud mesenchyme to maintain expression of Shh and other genes (not shown). There is mutual antagonism between Meis (proximal) and the SHH/BMP/Gremlin/FGF distal pathway. differences along the DV axis are evident in many vertebrate appendages. For example, in the case of the human hand, the back of the hand is dorsal and the palm is ventral, and muscles, tendons, and other structures show an orderly disposition along this axis. Surgical manipulations involving rotation of the chick limb bud ectoderm had previously suggested that signaling from the non-ridge ectoderm was responsible for the specification of cell fates along the DV axis, at least of the distal part of the experimental limb (MacCabe et al. 1974 , Pautou 1977 . These experiments indicate that, from around embryonic stage 15 on, the limb ectoderm provides DV positional information to the distal part of the limb bud.
Dorsal-Ventral Patterning
The secreted factor encoded by the gene Wnt-7a, which is expressed in the dorsal ectoderm (Dealy et al. 1993 , Parr et al. 1993 (Figure 3C ), is a good candidate to convey a dorsal signal. WNT-7A controls the dorsal mesenchymal expression of the LIM-homeodomain factor LMX-1. Combined data from experiments involving ectopic expression in chick embryos and targeted gene disruption in mice have demonstrated that WNT-7A/Lmx-1 are involved in the specification of dorsal identities in the limb (Parr & McMahon 1995 , Riddle et al. 1995 , Vogel et al. 1995 . Moreover, the expression of En-1 in the ventral ectoderm appears to be required for the specification of ventral fates because limbs of En-1 −/− mice display a double-dorsal phenotype (Loomis et al. 1996) . In this scenario, WNT-7A acts as a dorsalizing factor expressed in the dorsal ectoderm, controlling the expression of Lmx-1 in the underlying dorsal mesenchyme, and En-1 acts as a ventralizing factor expressed in the ventral ectoderm, where it prevents Wnt-7a from being expressed (Cygan et al. 1997 , Logan et al. 1997 , Loomis et al. 1998 . Interestingly, distinct mechanisms seem to control Lmx-1 expression in the proximal and distal regions of the limb. Distal DV pattern seems to be controlled by the limb ectoderm and proximal DV pattern by the mesoderm. The identification of regulatory sequences that direct Lmx-1 expression in the limb should provide valuable insights into the regionalized control of DV limb patterning. The mechanism by which the expression of Lmx-1 in the dorsal mesenchyme determines dorsal fates is still unknown. Ectoderm-mesoderm interactions clearly continue to be important during the initial stages of development of tendons and muscles, which display DV polarity and develop directly underneath the dorsal and ventral ectoderm (Blagden & Hughes 1999 , Büscher & Izpisüa Belmonte 1999 . Development of muscles and tendons most likely involves interactions with signals such as BMPs, Noggin, and Indian hedgehog (IHH), which are expressed in the underlying cartilage elements (Blagden & Hughes 1999) .
RA also seems to be involved in this particular patterning process. Retinoiddeficient quail embryos have limb buds with abnormal AP and DV patterning, the latter characterized by ectopic expression of Wnt-7a in the ventral ectoderm, corresponding expansion of Lmx-1 into the ventral mesoderm, and absence of En-1 from the ventral ectoderm (Stratford et al. 1999) , all similar to what is observed in the chick limbless (Fallon et al. 1983 , Grieshammer et al. 1996 , Noramly et al. 1996 and mouse legless (Bell et al. 1998 ) mutants. Although these mutants display alterations of both DV polarity and AER formation, this does not imply that these two processes are necessarily co-dependent. For example, dramatic alterations of DV polarity that do not affect the AER at all are observed in a number of mutants and experimental situations, which indicates that DV polarity and AER formation are processes initiated by a common mechanism and later become independent.
Although many details are already known about AER positioning and DV patterning of the limb bud, the problem of how and when DV polarity actually originates in the early embryo is still a matter of controversy (reviewed by Chen & Johnson 1999 ). As indicated above, some experiments involving surgical manipulations of the chick limb bud and mesoderm and ectoderm recombinations suggest that the trunk mesoderm already has DV polarity at stage 12 and that the information is transferred to the ectoderm around stage 15 (Geduspan & MacCabe 1989) . However, recent results stress the importance of inductive signals coming from the somites ), although it is not yet clear whether the somitic mesoderm influences primarily the mesoderm, the ectoderm, or both.
FGFs Mediate AER Function
We have discussed how, in the chick embryo, Fgf-10 is already restricted to the prospective forelimb and hindlimb areas of the LPM by stage 16, before Wnt3a and Fgf-8 appear in the presumptive limb ectoderm, and before the AER is morphologically detectable. Moreover, implants of Fgf10-expressing cells in the interlimb region are capable of inducing ectopic Wnt-3a and Fgf-8 expression in the overlying ectoderm, all of which suggest that FGF-10 normally induces Fgf-8 in the overlying ectoderm. Consistent with this, Fgf-10-deficient mice lack AER formation and Fgf-8 expression in the limb bud ectoderm. Thus a regulatory loop that spans at least three different tissues (IM, LPM, and surface ectoderm) exists between Fgf-8 and Fgf-10 because the Fgf-10 gene has been shown to be induced in the LPM by FGF-8 (emanating from the IM), and FGF-10 has been shown to signal to the surface ectoderm to induce Fgf-8 and other AER markers (Ohuchi et al. 1997 ). As indicated above, the induction of Fgf-8 by FGF-10 in the limb ectoderm is mediated by WNT-3A, and thus three Wnt genes that signal through β-catenin mediate the FGF-8/FGF-10 loop.
Interestingly, among all the factors known to be expressed in the AER (which are not discussed in detail here), only FGFs (including FGF-2, -4, and -8) are capable of substituting for the AER after its surgical removal (reviewed by Martin 1998). Thus these FGFs, which are unable to induce the AER, are nonetheless capable of performing its morphogenetic function. Owing to partial functional redundance, it is difficult to determine the individual importance of each particular FGF expressed in the AER. However, expression analyses and the generation of mice deficient in FGF receptors and in individual FGF factors have provided valuable information (Xu et al. 1998 , Lizarraga et al. 1999 , reviewed by Xu et al. 1999 . From all these data, a model has been proposed where the spatial restriction of FGF ligands and receptors and the ligand-receptor specificity control an orderly transfer of signals between tissues involved in limb induction and outgrowth. Thus FGF-10 and FGF-8 appear to signal through the FGFR2b and FGFR2c alternative splice receptor isoforms, respectively. FGF-10 (expressed by the LPM) signals via ectodermally restricted FGFR2b to regulate Fgf-8 expression in the overlying ectoderm; in turn, FGF-8 (from the AER) signals via mesodermally restricted FGFR2c to maintain FGF-10 expression in the LPM. This is precisely the last leg of the FGF-8/FGF-10 loop, which culminates in the maintenance of Fgf-10 expression in the limb bud mesenchyme (Ohuchi et al. 1997 ), which appears to be required in turn to maintain the proliferation of these mesenchymal cells.
In the following we see that the main roles of the FGFs produced in the AER are to stimulate cell proliferation in the underlying mesenchyme (the progress zone) and to maintain Sonic hedgehog (Shh) expression; however, FGFs may also play additional roles, for example acting as chemoattractive agents that regulate patterns of mesenchymal cell migration during limb outgrowth (Li & Muneoka 1999) . In general, the details of the cellular and molecular mechanisms involved in the transfer of signals from the AER to the mesenchyme are not well understood. For example, because the basal lamina that separates the AER from mesenchymal cells in the limb prevents passage of molecules as large as FGFs (Kelley & Fallon 1976 , Wilcox & Kelley 1993 , it is unclear how FGFs affect mesenchymal cells in the limb bud. The binding of FGFs to their receptors is a multistep process that requires interactions with additional factors. For example, the association of FGFs with cell-surface heparan sulfate proteoglycans (HSPGs) is a required step for high-affinity FGF receptor activation. Thus FGF activity may be regulated by a number of extracellular modulators. Recently, a specific CD44 splice variant has been shown to be involved in a crucial step of the epithelial-mesenchymal interaction that controls growth and patterning in the limb (Sherman et al. 1998 ). The CD44 variant has been shown to function in the AER by presenting FGFs to the underlying mesenchymal cells, thus revealing a novel growth factor presentation mechanism that could be involved in other physiological and pathological situations. AER-derived signals may also be passed on through gap junctions in the mesenchyme. Interestingly, FGF-4 has been recently shown to increase mesenchymal gap junctional communication (Makarenkova et al. 1997 , Makarenkova & Patel 1999 . The integrity of the basal lamina itself is also required for normal limb development. The basal surface of the epithelial cells of the limb bud is coated by a laminin α5-rich basal lamina, which separates ectoderm from mesenchyme. Mice lacking the α5 chain of laminin, a major glycoprotein of all basal laminae, display failure of digit septation (syndactyly), which could be due to disruption of the integrity of the surface ectoderm, locally affecting the AER (Miner et al. 1998 ). The AER is also disrupted by mutations in the p63 gene, encoding a homolog of the tumor-suppressor protein p53. p63 is highly expressed in the basal or progenitor layers of many epithelial tissues, including limb ectoderm (Mills et al. 1999 , Yang et al. 1999 . Mutations in the human p63 gene have been found in individuals suffering from SHFM (split-hand/split-foot malformation) or EEC (ectrodactyly, ectodermal dysplasia, and facial cleft) syndromes, which display limb malformations consistent with defects in the maintenance of the AER (Celli et al. 1999 , Ianakiev et al. 2000 .
ZPA, SHH, AND THE LINK BETWEEN ANTERIOR-POSTERIOR AND PROXIMAL-DISTAL PATTERNING
Differences along the AP axis are observed in most vertebrate limbs, the different lengths, shapes, and functions of the digits (and other skeletal elements) being only an obvious example with clear implications for the functionality of the appendage. Growth and patterning along the AP axis appear to be tightly coordinated with the development of the PD axis, in a process mediated by specific interactions between the AP organizer (the zone of polarizing activity; ZPA) and the controller of limb outgrowth (the AER).
ZPA, Retinoic Acid, Sonic Hedgehog, and the Organizer of AP Patterning
A group of cells located in the posterior mesenchyme of the limb bud, the ZPA ( Figure 1B) , acts as the organizer of the AP polarity of the limb bud (Saunders & Gasseling 1968) . When the ZPA from one limb bud is grafted into the anterior margin of a host limb, mirror-image duplications of the digits along the AP axis are produced. The organizing activity of the ZPA was initially interpreted in terms of a morphogen gradient that diffuses across the limb bud to determine pattern in a concentration-dependent manner (reviewed by Tickle 1999) . In 1993, it was shown that the polarizing activity of the ZPA is mediated by Sonic hedgehog (Shh) (Riddle et al. 1993 , Chang et al. 1994 , López-Martínez et al. 1995 , a gene that encodes a secreted factor homologous to the product of the Drosophila segment polarity gene hedgehog (hh), involved in many patterning processes in the embryo and imaginal discs (reviewed by Ingham 1998) . As first shown in the chick embryo, Shh expression is detected at stage 17 in the posterior margin shortly after the limb bud is induced, co-localizing with the ZPA (Figure 4B) . A similar pattern is observed in mouse, zebrafish, and other vertebrates (Echelard et al. 1993 , Krauss et al. 1993 , Roelink et al. 1994 ). RA, which was previously known to be capable of inducing duplications similar to the ZPA when ectopically applied to the anterior margin of the limb (Tickle et al. 1982) , appears to do so by inducing Shh transcription. Here, we discuss only the aspects of SHH function directly related to the vertebrate limb because the biochemical aspects of SHH signaling have been recently reviewed (Villavicencio et al. 2000) .
SHH displays potent organizing activities in assays of ectopic application, but it is important to point out that the Shh gene is required neither for the initiation of limb development nor for the establishment of initial AP polarity of the limb because even in its absence there is some AP polarity in the limb bud (Noramly et al. 1996 . Moreover, Shh is not involved in patterning the most proximal limb structures, but Shh activity is absolutely required for the maintenance of growth and patterning of intermediate and distal limb structures. Mice that are null for Shh (Chiang et al. 1996 , Kraus et al. 2001 ) have limbs, but they are reduced and the skeletal pattern is severely perturbed. Intermediate structures are severely truncated and fused, and the autopod is almost completely absent, although in some cases a single, digit-like bone element is present, most likely the result of residual expression of Indian hedgehog (Ihh, another member of the hh gene family with similar biochemical properties). Shh is also required for the outgrowth of the limb ectoderm.
SHH is the only factor capable of mediating the polarizing activity of the ZPA known to date, and thus it is of particular importance to understand the mechanisms that control its expression and modulate its signaling activities. Several Hox genes appear to be important in delimiting the region of the limb bud mesenchyme where the Shh gene is going to be transcribed. In particular, the distribution of Hoxb8 transcripts in the chick flank and early forelimb mirrors the distribution of polarizing activity (Lu et al. 1997 , Stratford et al. 1997 , which suggests that Hoxb8 could be an upstream regulator of Shh. Indeed, Hoxb8 was proposed to be required for the initiation of Shh expression in the posterior mesenchyme of the forelimb bud, although it would not be required for its maintenance (Charité et al. 1994) . Besides, ectopic Hoxb8 in the anterior margin of the mouse limb bud is able to induce ectopic Shh, which results in pattern duplications. However, Hoxb8 cannot be the only regulator of Shh expression because Shh is only activated in the most distal cells that express Hoxb8. In fact, Hoxb8 is not required for establishing AP polarity in the mouse limb bud (Stratford et al. 1997 , van den Akker et al. 1999 , and thus its activities are most likely dependent on its interaction with other Hox genes. Other Hox genes, such as Hoxd11 and Hoxd12, are also involved in the control of Shh in the limb bud (Mackem & Knezevic 1999 , see also Sordino et al. 1995) . The basic helix-loop-helix (HLH) transcription factor dHAND also appears to control Shh expression, and dHAND-deficient mice (which die around E10.5), have smaller limbs with no detectable expression of Shh (Charité et al. 2000 , Fernández-Terán et al. 2000 .
Inhibition of RA signaling via the retinoid receptors (Helms et al. 1996 , Lu et al. 1997 or inhibition of its synthesis (Stratford et al. 1996) prevents the establishment of the ZPA, the appearance of Shh expression, and the outgrowth of the limb bud. The effect of RA on Shh can be explained, in principle, by the fact that RA induces Hoxb8 and other Hox genes involved in Shh control (Stratford et al. 1997) , although there is also the apparently contradictory result that in limb buds of retinoid-deficient quail embryos, Hoxb8 is ectopically expressed, whereas Shh is downregulated (Stratford et al. 1999) . The dependence of Shh expression on AER signals (Laufer et al. 1994 , Niswander et al. 1994 ) also restricts Shh to the more distal region of the posterior mesenchyme of the limb bud. The secreted factor WNT-7A, produced by the dorsal ectoderm, may also play a role in regulating Shh expression (Parr & McMahon 1995 , Yang & Niswander 1995 .
Shh expression is also under negative transcriptional regulation. Analysis of a number of polydactylous mutants reveals that Shh transcription is negatively regulated in the anterior margin of the limb bud by several genes expressed in the anterior mesenchyme. These include the aristalless-like gene Alx4, which is mutated in the Strong's luxoid mouse (Qu et al. 1997 , Takahashi et al. 1998 ) and interacts with the related gene Cart1 (Qu et al. 1999) , and the zinc finger-encoding gene Gli-3 (Büscher et al. 1997 , Masuya et al. 1997 , Mo et al. 1997 , mutated in the extra toes mouse (Xt) (Büscher et al. 1997 , Schimmang et al. 1992 , Hui & Joyner 1993 . Both mutants display ectopic expression of Shh in restricted areas of the anterior margin of the limb bud (Chan et al. 1995; Büscher et al. 1997; Qu et al. 1997 Qu et al. ,1998 , which results in duplications of pattern elements. Other mouse mutants also display anterior ectopic expression of Shh (Rim4, Hx, Sasquatch) (Chan et al. 1995 , Masuya et al. 1995 or Ihh (Doublefoot) (Yang et al. 1998) . Interestingly, the Patched1 (Ptc1) gene, which encodes the SHH receptor, also appears to repress Shh expression in the anterior margin of the mouse limb bud (Milenkovic et al. 1999) . Thus a complicated network of genetic interactions allocates and restricts Shh expression to the posterior distal margin of the limb bud. Also, a number of extracellular modulators (including the Ptc1 protein) and post-translational modifications regulate the extracellular availability and range of action of the SHH protein (reviewed by .
Although SHH is able to mimic the ZPA activity, it seems unlikely that the SHH protein itself gives positional information to all the cells in the limb bud. It does not seem to diffuse a long distance in vivo (Martí et al. 1995) , and a membrane-tethered form is still able to elicit a dose-dependent patterning response, which suggests that at least part of the organizing activities of SHH are mediated by secondary signals (Yang et al. 1997 ).
The Shh/Gremlin/FGF Loop and the Maintenance of the AER
As indicated above, SHH is not involved in AER induction, but it is certainly involved in AER maintenance. At the same time, maintenance of Shh expression in the posterior margin of the limb bud requires the integrity of the AER, which again illustrates the importance of epithelial-mesenchymal interactions during limb bud development.
The mesenchymal cells in the distal part of the limb bud constitute the so-called progress zone (PZ) (Figure 1B) , which is kept in a proliferating, undifferentiated state by the AER (Summerbell et al. 1973) . Cells in the PZ give rise to most of the mesenchymal elements in the limb. As the limb grows, mesenchymal cells exit the PZ, moving proximally and acquiring positional information to give rise to the mature appendages, which display a reproducible pattern of anatomical elements such as bones, muscles, and nerves. The AER is also required for maintaining Shh expression in the posterior margin of the limb bud and, reciprocally, the maintenance of the AER is also dependent on Shh expression. Thus SHH seems to act in a regulatory loop with FGF proteins expressed in the AER to maintain cell growth and proliferation in the mesenchyme, and to maintain the integrity of the AER (Laufer et al. 1994 , Niswander et al. 1994 . This regulatory loop is usually referred to as the Shh/Fgf-4 loop because specific interactions between these two genes have been demonstrated ( Figure 4C ). For instance, ectodermal FGF signaling is initiated normally in limb buds of Shh −/− mouse embryos , but eventually they lose expression of both Fgf-4 (in its normal domain in the posterior part of the AER) , and Fgf-8 (in most of the AER, only remaining a small dot of posterior expression in some hindlimbs) (Kraus et al. 2001) . On the other hand, the exact FGF or combination of FGFs that mediates the activities of the AER in vivo is not known, and this also applies to the control of Shh expression. For instance, elimination of Fgf-4 expression from the AER of the mouse limb bud by means of a Cre/loxP binary transgenic system has no effect on Shh expression or limb development . This clearly indicates that there is redundancy among FGFs, further illustrated by similar experiments that eliminate Fgf-8 expression in the AER . Although the results indicate that Fgf-8 expression in the AER is necessary for normal limb development (including maintenance of Shh), other Fgfs seem to be able to compensate for the lack of Fgf-8 in this experimental situation, and thus the analysis of other Fgf mutant situations or mutant combinations will presumably be required in order to assign specific functions to each FGF.
If AER-derived signals are required for continued growth of the limb, signals from the mesenchyme are required for maintaining the AER, and we are beginning to understand the mechanisms involved in the exchange of information between the mesenchyme and AER. For example, the formin gene, which encodes several protein isoforms thought to function in cytokinesis and/or cell polarization, is required to establish the Shh/Fgf-4 feedback loop (Figure 4C ). The formin gene is disrupted in the mouse limb deformity (ld ) mutation. Homozygous ld mutants display shortened and malformed limbs, and their AERs are poorly organized. Although expression of Fgf-8 is maintained in the AER of ld mutants, Fgf-4 is not expressed. ld embryos also show a decrease in the expression of Shh in the limb mesenchyme. Thus the limb defect of ld mutants could be due to the absence of the proliferative function of Fgf-4 combined with the reduction in Shh expression.
Recent results have also implicated BMPs in the negative regulation of the AER , Dahn & Fallon 1999 , Pizette & Niswander 1999 . BMP beads implanted under the AER cause a precocious disruption of the AER owing to cell death, without affecting the rest of the ectoderm. Ectopic expression of the BMP antagonist Noggin in the limb bud has the opposite effect, maintaining the AER and reinforcing expression of AER markers, including Fgf-8 and Fgf-4 (which is anteriorly expanded without concomitant expansion of Shh). Recently, it has been shown that another BMP antagonist expressed in the limb bud, Gremlin, is required to antagonize the repressive effect of BMPs on the AER and to maintain Fgf-4 expression in the posterior AER . The formin gene appears to interact with Gremlin in the regulation of the Shh/Fgf-4 feedback loop. Thus Gremlin could be the factor produced by the distal mesenchyme that maintains the AER. The existence of an AER maintenance factor (AERMF) was proposed based on classic embryological studies in the chick embryo (Zwilling 1956 , Saunders & Gasseling 1963 . Since Fgf-10-expressing cells can induce both Fgf-8 expression and thickening of non-ridge ectoderm, it has also been proposed that FGF-10 might be the AERMF (Ohuchi et al. 1997) .
Remarkably, the activities of the factors involved in maintaining the Shh/Fgf-4 feedback loop may be coordinated by the regulation of protein degradation. Recently, it has been shown that a novel member of the F-box/WD40 gene family, encoding the Dactylin protein, is disrupted in the mouse dactylaplasia (Dac) mutant (Sidow et al. 1999) , which resembles the human autosomal dominant split hand/foot malformation (SHFM) diseases. Dac homozygotes lack hands and feet, except for rudimentary single digit structures, and this phenotype is due to disruptions of AER maintenance linked to a lack of cell proliferation in the mutant AER (Crackower et al. 1998 ). The F-box/WD40 gene family encodes adapter molecules that target several proteins for destruction by the ubiquitination machinery (Patton et al. 1998) , including transducers of the NF-κB, WNT/Wingless, and HH signaling pathways (Maniatis 1999) . Several members of the F-box/WD40 gene family have been shown to play important roles in the development of different organisms, including limb patterning in Drosophila. Sidow and collaborators propose that the function of Dactylin is to mediate degradation of a suppressor of AER proliferation. In Dac mutants, the suppressor would not be degraded and cell proliferation would be diminished, thus shifting the balance between proliferation and cell death in the AER toward increased cell death, which results in premature elimination of the AER. Identification of targets for Dactylin and the molecular cloning of Mdac, a known suppressor of Dac, are expected to provide additional clues on this process.
From the Formin, BMP, and Dac results outlined above, it seems clear that there is an AER maintenance activity distinct from activities involved in AER induction and differentiation. The combined data also suggest that AER maintenance may be achieved by promoting cell proliferation in the AER, by inhibiting PCD, or both. More studies are needed in order to determine how the activities of Formin, BMPs, and Dactylin interact in the mechanism that maintains the AER.
Meis Genes and Proximal Patterning
Shh is not required for the development of the more proximal structures of the vertebrate limb (Chiang et al. 1996 , Kraus et al. 2001 . This, along with the fact that these structures are also unaffected even when the AER is removed very early, clearly indicates that the whole distal program of gene expression (the Shh/Gremlin/FGF loop) is not required for proximal development. Thus the question remains as to which specific molecular mechanisms control growth and patterning of the proximal limb bud. In principle, Hox genes are good candidates, as they display dynamic, combinatorial patterns of gene expression in this and other regions of the limb bud (Nelson et al. 1996) . However, the analysis of the individual contribution of each Hox gene may be complicated by the high level of partial redundancy and reciprocal regulation that exists among these genes. Despite these difficulties, recent results have shed light on the mechanisms that control proximal limb development.
An increasing amount of evidence indicates that HOX proteins perform their roles of specifying regional identities by interacting with a number of cofactors. For instance, the homeodomain protein Pbx1 has been shown to modulate HOX function by binding to several HOX proteins that contain tryptophan dimerization motifs. Pbx1 is the vertebrate homolog of Drosophila extradenticle (Exd), and numerous experiments in Drosophila (reviewed by Morata & Sánchez-Herrero 1999) have shown that Exd is only active (and required) in the domain where it is nuclear and that this nuclear localization of Exd (and Pbx1) is promoted by interaction with Hth proteins (Meis in vertebrates). An added twist is that in Drosophila the subcellular localization of Exd is regulated by the Bithorax complex (BX-C) homeotic (or Hox) genes, and each BX-C gene can prevent or reduce nuclear translocation of Exd to varying extents. Interestingly, this Meis/Pbx/HOX interaction also operates in the vertebrate limb and appears to control development of the more proximal structures. Pbx1 transcripts and protein are present throughout the limb bud, although, similar to Drosophila, Pbxl proteins are localized to the nuclei of mesenchymal cells in the proximal limb bud, whereas they are cytoplasmic in the distal part of the limb (González-Crespo et al. 1998) . Consistently, transcription of two vertebrate Meis genes, Meis-1 and Meis-2, is restricted to the proximal limb bud Mercader et al. 1999 Mercader et al. , 2000 Saleh et al. 2000) (Figure 4C ). Pbx1-deficient mice display numerous patterning defects, including malformation of the more proximal skeletal elements (stylopod) of the limb, although distal elements are completely normal (L. Selleri, personal communication). Thus as expected, phenotypes are observed only in domains that express HOX proteins known to contain the Pbx1 dimerization motif (the proximal limb), whereas the distal limb, which is thought to be specified by HOX proteins that lack Pbx dimerization motifs, is spared. Complementing these results, experiments involving ectopic expression of Meis genes in the distal limb bud of the chick embryo have shown that ectopic Meis activity is capable of repressing the distal program of gene expression, and vice versa, which indicates that the vertebrate limb bud is clearly divided into welldefined (and antagonistic) proximal and distal territories, similar to Drosophila appendages , Mercader et al. 1999 , controlled, respectively, by Meis/Pbx/HOX and by the Shh/Gremlin/FGF loop (reviewed by Vogt & Duboule 1999) .
CELL DIFFERENTIATION
The patterning mechanisms that operate in the vertebrate limb bud result in the generation of a stereotyped array of elements easily recognizable in the adult limb, such as bones, muscles, nerves, and blood vessels, and epithelial appendages such as hair, scales, or feathers. For some of these elements, relatively little is known about the mechanisms that control terminal cell differentiation. In this section we briefly comment on some molecular mechanisms that operate during cartilage formation, determination of regions of programmed cell death (PCD), and digit specification, since they are representative of the mechanisms that sculpt the vertebrate limb.
Control of Cartilage Formation and Programmed Cell Death
In terms of skeletal elements, all vertebrate limbs consist of a proximal part with a single element (stylopod: humerus or femur), a medial part with two elements (zeugopod: radius and ulna or tibia and fibula), and a distal part (autopod) composed of carpus or tarsus and a variable number of radiating digits ( Figure 1C ). In the vertebrate limb, skeletal structures develop in a characteristic proximal-to-distal sequence. In all vertebrate limbs, the more proximal skeletal structures are determined first and are formed by the mesenchymal cells that leave the PZ first, whereas mesenchymal cells that leave the PZ later form more distal structures (Summerbell et al. 1973) . After limb initiation and AER induction, mesenchymal cells that exit the PZ (and presumably get out of reach of the factors produced by the AER) aggregate to form precartilaginous condensations that will give rise to the skeletal components ( Figure 5A ). Concomitantly, some cells located around or between the primordia of the skeletal elements undergo programmed cell death (PCD), which contributes to shape the limb, for example, by freeing the digits. In some vertebrates, however, interdigital PCD is either reduced or absent, and thus the resulting limbs have webbed or lobulated digits . Later stages of skeletal development include replacement of cartilage by bone through endochondral ossification, the growth of long bones through proliferation and differentiation of chondrocytes in growth plates, and bone formation through differentiation of osteoblasts from mesenchymal cells in areas of intramembranous ossification.
Although the exact mechanisms that direct the differentiation of the cell types present in the limb bud (including chondrogenic cell types) are still unknown, a model has recently emerged that explains how cells that exit the PZ and become autopod decide between two opposite fates: forming skeletal elements or becoming interdigital tissue that will eventually be removed by PCD. General aspects of skeletal development (Hall & Miyake 1995 , Mundlos & Olsen 1997 , Ferguson et al. 1998 , Olsen et al. 2000 and the role of PCD in controlling limb shape and defining the digits (Chen & Zhao 1998) have been recently reviewed, thus we focus here on the specific problem of deciding between forming skeletal elements or dying by PCD. . There is a sort of posterior prevalence (probably linked to a BMP-related activity, shown as levels of gray), so that each digit primordium acquires its identity from the more posterior interdigital mesenchyme. Scheme adapted from Dahn & Fallon (2000) .
Several lines of evidence indicate that members of the TGF-β superfamily of secreted factors, along with their receptors, extracellular modulators, and intracellular transducers, control the choice between digital and interdigital fates in the autopod. BMPs, for example, appear to have dual roles as inducers of PCD and promoters of cartilage growth. The Bmp-2, -4, and -7 genes are expressed in the interdigital regions of the limb bud that undergo PCD, and when beads soaked in BMP protein are implanted in the interdigital regions of the limb bud, cell death is prematurely induced. Interestingly, when the beads are implanted close to the digits, they seem to increase the size of the cartilage, which indicates that BMPs also promote cartilage growth. Experiments involving constitutive activation of BMP receptors (Zou et al. 1997 ) and blocking of BMP activity by dominant-negative BMP receptors (Kawakami et al. 1996 , Yokouchi et al. 1996 , Zou & Niswander 1996 or extracellular antagonists such as Noggin , Pizette & Niswander 1999 also support this dual role of BMPs. It has been proposed that BMP receptor-1a (encoded by BmpR-1a, expressed in the distal mesenchyme) mediates PCD induction and that BMP receptor-1b (encoded by BmpR-1b, expressed in the prechondrogenic condensations) primarily mediates cartilage growth, although it can also mediate PCD induction at other stages of development (Zou et al. 1997) . The effect of RA on PCD has been recently shown to be mediated by BMP signaling ).
Interestingly, a different member of the TGF-β superfamily, TGF-β2, seems to fulfill the requirements for an endogenous inducer of digit formation in the autopod. The tgf-β2 gene is expressed in the prechondrogenic condensations of the presumptive digit regions of the limb (Millan et al. 1991 , and a bead soaked in TGF-β2 protein can induce the formation of extra digits when implanted in the interdigital spaces . Digit induction is preceded by induction of BmpR-1b. Other TGF-βs are also able to induce digits in this assay, and this functional redundancy could presumably explain why tgf-β2-deficient mice do not display the digit alteration phenotype expected (Sanford et al. 1997) . Hurlé and collaborators have proposed that tgf-β2 (expressed in the presumptive digital areas) acts on the cells leaving the PZ by sensitizing those cells to the chondrogenic influence of BMPs (reviewed by Macías et al. 1999) . This is accomplished by the induction of BmpR-1b by TGF-β2. In the interdigital spaces, where tgf-β2 expression is absent, BMPs would promote PCD. Noggin is expressed in the presumptive digital areas, where it could conceivably modulate the amount of BMPs available to bind the BMPR-1B.
FGFs also play an important role in this process, since cells in the PZ must be protected from both chondrogenic and apoptotic stimuli if limb outgrowth is to be maintained. Thus it has been shown that FGFs oppose both BMPs and TGF-βs, blocking BMP-induced interdigital cell death and TGF-β2-induced chondrogenesis . This is consistent with the observed role of FGFs as mediators of AER function (Martin 1998) .
Besides TGF-βs, BMPs, FGFs, and the components of their transduction pathways, other molecules are also involved in different stages of skeletal development. For example, the HMG-domain transcription factor Sox9 plays an important role in cartilage formation. The Sox9 gene is expressed in mesenchymal condensations throughout the embryo before and during the deposition of cartilage (Wright et al. 1995) . In mouse chimeras, Sox9 −/− mesenchymal cells are excluded from all cartilage and lack expression of chondrocyte-specific markers (Bi et al. 1999) . Misexpression of Sox9 in limbs results in ectopic cartilage formation, and Sox9 is able to change the aggregation properties of limb mesenchymal cells in vitro, suggesting that Sox9 functions at the level of mesenchymal cell condensation, probably acting downstream of BMPs (Healy et al. 1999) . In humans, Sox9 haploinsufficiency results in a skeletal malformation syndrome, campomelic dysplasia (CD), which is characterized by bowing of the long bones and is often associated with male-to-female sex reversal (Foster et al. 1994 , Wagner et al. 1994 . Other Sox genes are coexpressed with Sox9 in mesenchymal condensations and cooperate in the control of genes of the chondrocytic program (Lefebvre et al. 1998) , which is consistent with the fact that the absence of Sox9 in the human syndrome fails to cause total disruption of cartilage formation.
Thus a model arises where interactions between different TGF-βs and their extracellular modulators regulate the digital and interdigital fates of the autopodial limb mesoderm (reviewed by Macías et al. 1999) . Conceivably, high levels of BMP expression in the interdigital mesenchyme induce PCD in a process probably mediated by the activity of Msx genes . tgf-β2 (expressed in the digital areas) induces BmpR-1b so that cells in the presumptive digit areas may respond to BMPs by initiating cartilage formation. The presumptive digit areas also express the BMP antagonist Noggin, which antagonizes BMPs by binding to them and preventing interaction with their receptors (Zimmerman et al. 1996) . Coexpression of Noggin and BMPR-1B in the digit-forming areas could be a mechanism to fine-tune the levels of BMP protein that effectively interact with their receptors . Other BMP antagonists expressed in the limb could also be involved in the process, so partial redundancy might be expected. In noggin −/− embryos, for example, excess of BMP activity enhances the recruitment of cells into cartilage, resulting in hyperplasia of cartilage condensations and failure of joints to develop (Brunet et al. 1998) .
It is important to point out that the induction of skeletal elements seems to be under the control of different signals along the PD axis of the limb. For example, TGF-β2 is not expressed in the skeletal precursors of the stylopod and zeugopod , so clearly another factor or factors must regulate skeletal patterning in the proximal region of the limb.
Digit Identity
Most vertebrate limbs display a complement of digits (as part of the autopod) that shows clear differences along the AP axis, each digit being recognizable by its characteristic shape, length, and number of phalanges ( Figure 1C ). Until recently it was thought that the AP patterning of the autopod (and hence digit identity) was specified and fixed at early limb bud stages by the ZPA, perhaps mediated by a SHH morphogen gradient that would control both the number and identity of the digits. This initial positional information would subsequently be interpreted and refined by other factors (such as Hox code) that would then influence the size and number of digits (in a Hox-dose-dependent fashion involving Hoxd and Hoxa genes) (Zákány et al. 1997 , Zákány & Duboule 1999 .
Recently, experiments involving surgical manipulation of the digits and interdigital regions of the chick foot have broadened our understanding of the problem of digit identity. These experiments have shown that digital identity in the chick limb remains labile even after the digital primordia form, so that the identity of digits is actually specified by the interdigital mesoderm at relatively late stages of limb bud development (Dahn & Fallon 2000) (Figure 5B ). BMP proteins, present in the interdigital mesoderm, appear to be required for the correct assignment of digit identities since inhibition of BMP signaling in the interdigital mesoderm results in transformations of digit identity. Interestingly, more posterior interdigital regions specify more posterior digital identities, and each digital primordium develops in accordance with the most posterior cues received (a sort of "posterior prevalence"). It is still not clear whether there are actual differences in the level of activation of the BMP pathways among different interdigital areas; thus the postulated existence of thresholds of BMP signaling throughout the developing autopod remains speculative. In any event, these and other results (Drossopoulou et al. 2000) illustrate the complexity of interactions involved in the specification of digit identity in the vertebrate limb by SHH, BMPs, and other factors (Newman 2000 , Hagmann 2000 .
OPEN QUESTIONS AND FUTURE DIRECTIONS
Many important questions regarding the molecular and cellular mechanisms that control limb development remain to be answered. In this final section we briefly mention only three, which illustrate how the multidisciplinary study of vertebrate limb development may deepen our understanding of a variety of issues that have a bearing on important aspects of both basic and applied sciences.
The Nature of the Organizing Activity of SHH
Because the SHH protein is the only known factor capable of mediating all the patterning activities of the ZPA, there is, of course, considerable interest in characterizing its activities in detail. What does SHH actually do to its target cells in the limb bud? SHH has already been shown to act as a survival factor for several cell types in the embryo, including sclerotome, neural tube cells, and cultured fetal rat ventral spinal interneurons and ventral dopaminergic and GABAergic mesencephalic neurons (Miao et al. 1997 , Borycki et al. 1999 ), but it is also involved in inducing PCD of ventral neuronal precursors and floor-plate cells (Oppenheim et al. 1999) . The possible role of SHH as a trophic factor for limb cells remains practically unexplored. The problem is relevant because the relationship between growth and pattern specification during development of the limb remains elusive. Some molecules known to function as growth factors are also potent agents of pattern formation, and recent studies involving manipulation of the cell cycle in chick limb buds have raised the interesting possibility that growth factors such as SHH or BMPs operate through the control of the length of the cell cycle (Ohsugi et al. 1997) .
Also, although the evidence seems to point to the existence of secondary signals that mediate the patterning activities of SHH (Yang et al. 1997) , so far no other factor has been shown to display the organizing capabilities that SHH demonstrates in assays of ectopic expression. BMPs, which are targets of SHH and belong to a superfamily of factors known to have multiple organizing capabilities in Drosophila and other organisms, fail to induce pattern duplications when applied to the anterior margin of the limb bud (Francis et al. 1994) . Since BMPs act as heterodimers, and several BMPs are expressed in the limb, the possibility remains that a particular heterodimer may actually have some polarizing activity, but evidence for this is still lacking. The molecular characterization of the genes mutated in chick talpid mutants (Izpisúa Belmonte et al. 1992 , Francis-West et al. 1995 , Rodríguez et al. 1996 , Caruccio et al. 1999 , Lewis et al. 1999 has the potential to reveal new elements of the SHH pathway, because in these mutants Shh expression is not altered, but Shh targets are ectopically expressed, and the anterior margin of the mutant limbs have polarizing activity. The problem of the putative secondary signal or signals that mediate SHH patterning activities could be addressed by experiments involving constitutive activation of the SHH pathway, analyzing the genes induced and the phenotypes caused by this ligand-independent activation, as it is used in Drosophila to analyze the organizing properties of several signaling molecules, including HH. Another twist to the mechanisms used by signaling molecules to affect neighboring cells has been added by the recent discovery of novel cellular structures (cytonemes) that could be involved in long-distance transport of patterning signals (Ramírez-Weber & Kornberg 1999, reviewed by Morata & Basler 1999) . The possible involvement of these novel structures in limb development remains unexplored.
Molecular Mechanisms Involved in the Evolution of Vertebrate Limbs
The tetrapod limb, as an evolutionary novelty capable of performing an astonishing variety of functions, has played a key role in the appearance of terrestrial vertebrates. In recent years, a new synthesis of developmental and evolutionary biology (reviewed by Wagner 2000) , supported mostly by the reinterpretation of the fossil record and by new discoveries from developmental genetics, has aimed to provide detailed and plausible molecular explanations for the developmental changes that culminated in the adoption of the basic tetrapod limb plan (reviewed by Capdevila & Izpisúa Belmonte 2000 , Ruvinsky & Gibson-Brown 2000 . For instance, it is generally accepted that the genetic network that controls appendage initiation, growth, and patterning in a variety of organisms (a sort of "appendage toolbox") was most likely already present before appendages and other outgrowths appeared (Panganiban et al. 1997) , and it was later co-opted to initiate and control limb development. Indeed, genes and gene families that play key roles in limb initiation and patterning, such as Shh, Bmps, Fgfs, Wnts, Hox, and many others, are involved in many embryonic patterning processes in vertebrates (including several taxa with reduced or absent limbs) and even invertebrate chordates such as Amphioxus (Shimeld 1999 , Wada et al. 1999 , Schubert et al. 2000 . For instance, it has been proposed that the Hox code originally evolved to control rostral-caudal patterning of the digestive tract and was ng co-opted later to control limb positioning and other aspects of limb patterning (Coates & Cohn 1998 .
Molecular studies have produced the interesting suggestion that patterning genes such as Wnt-11, expressed in the tailbud and the tail fin in Amphioxus (and probably lower vertebrates also), could have been co-opted for controlling development of lateral appendages (Schubert et al. 2000) . This remains as hypothesis, however, because (among other complications) the regulatory sequences of this gene and many other genes that may play key roles in limb positioning and limb initiation remain unknown. For instance, the regulatory mechanisms that restrict expression of Fgf-8 (and other Fgf genes) to specific portions of the IM are also unknown, as are the specific sequences that direct expression of Shh in the limb bud. The identification of these and other regulatory sequences would be key if we are to unveil the genetic changes that led to the appearance of paired appendages and the establishment of the tetrapod limb plan.
In terms of our knowledge of the regulatory mechanisms that control expression of limb-patterning genes, Hox genes are especially interesting, since expression studies and sophisticated genetic techniques have provided valuable information (reviewed by Zákány & Duboule 1999) , and thus we comment on it only briefly. Aside from playing a key role in the pre-pattern that allocates the limb fields in the flank, Hox genes are also expressed in the limb bud, where their proper regulation by Meis/Pbx in the proximal part is essential for normal patterning. Moreover, the activity of Hoxa and Hoxd gene complexes is absolutely required for the proper development of digits. Some authors have even proposed that the appearance of digits correlates with the adoption of novel spatial and temporal patterns of expression of Hox genes in the distal part of the limb bud (reviewed by Shubin et al. 1997 , Capdevila & Izpisúa Belmonte 2000 . Additionally, digit size and number appear to be determined (at least partially) by the dose of HOX proteins (Zákány et al. 1997 , Zákány & Duboule 1999 . It is already known that a complex set of enhancers within the regulatory regions of each Hoxd gene is used during the phase of nested domains of expression in the posterior margin of the limb bud (Beckers et al. 1996 , van der Hoeven et al. 1996 . On the contrary, the late phase, characterized by antero-distal expansion and polarity reversal of Hoxd expression, is regulated by a single enhancer, or global enhancer sequence that is also used to control Hoxd expression in the gut (Gérard et al. 1993 , van der Hoeven et al. 1996 . Recently, a silencer regulatory element has been discovered that is absolutely required to restrict expression of the Hoxd13 gene, at the same time allowing the activity of the global enhancer (Kmita et al. 2000) . Thus these and future discoveries will allow us to complete the picture of the regulatory mechanisms that control the activity of Hox genes.
Adult Limb Regeneration and Its Applications in Tissue Engineering
Remarkably, urodele amphibians such as newts and salamanders are capable of regenerating their adult limbs after amputation (Stocum 1995 , Brockes 1997 , Gardiner et al. 1999 . Teleost fish such as zebrafish are also capable of regenerating their adult fins after partial amputation (Santamaría & Becerra 1991 , Wagner & Misof 1992 . In contrast, adult limb regeneration in mammals is very modest, being limited to digit tip regeneration in some rodents and primates, including humans (Borgens 1982 , Muller et al. 1999 . Understandably, the molecular bases of adult limb regeneration have attracted considerable attention owing to their potential applications in the reconstruction of structures such as cartilage, bone, nerves, or blood vessels in patients suffering degenerative or traumatic processes. Notably, bone has considerable regenerative powers, and advances in tissue engineering (partially inspired by the endogenous processes of limb development and limb regeneration) have made possible partial restoration of altered skeletal functions by localized induction of bone (Reddi 1998 (Reddi , 2000 .
Adult limb regeneration recapitulates normal limb development, with some minor differences , and many of the molecules involved in this process in urodele amphibians or teleost fish are the same as described in chick or mouse limbs (Geraudie & Ferretti 1998) . Thus SHH (Imokawa & Yoshizato 1998 , Laforest et al. 1998 , Poss et al. 2000a , FGFs (Mullen et al. 1996 , Poss et al. 2000b , Endo et al. 2000 , and HOX proteins are expressed in patterns comparable to those in chick or mouse and appear to play similar patterning roles, although some peculiarities exist. For example, nerves are needed as a mitotic stimulant for adult limb regeneration in urodele amphibians (reviewed in Brockes 1984) , but a patterning requirement for nerve function during normal development of chick or mouse limbs has not been described so far.
Limb regeneration has been more extensively studied in urodele amphibians. In these animals, amputation of an adult limb results in formation of a "regeneration blastema" composed of dedifferentiated mesenchymal progenitor cells that subsequently re-enter the cell cycle and proliferate to form a complete limb with normal pattern elements. This blastema results from a massive breakdown of extracellular matrix at the site of the amputation, which requires the activity of a variety of proteases and releases a number of cell types that subsequently dedifferentiate. The capability of urodele cells (especially fibroblasts) to proliferate, dedifferentiate, and contribute to regenerate a limb appears to be the result of their specific ability to re-enter the cell cycle after injury (reviewed in Stocum 1999) . This is in contrast with mammalian fibroblasts, which form scar tissue instead of contributing to regeneration. Thus studies on the molecular nature of the response of urodele fibroblasts to injury may provide suggestions on how to confer regenerative potential to mammalian fibroblasts and other cell types.
In summary, the study of basic mechanisms of growth control and pattern formation has benefited enormously from a new synthesis that integrates methods and visions derived from classic embryology, molecular and cellular biology, and evolutionary biology. In this context, it is clear that the study of the cellular and molecular interactions that shape the vertebrate limb, and their evolutionary implications, will continue to provide valuable insights into the epithelial-mesenchymal interactions and other morphogenetic mechanisms that sculpt the vertebrate embryo.
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